~" Recent technological advances have led to increased interest in intraoperative evoked potential monitoring. Although theoretically valuable, its precise role remains to be defined, and useful criteria for predicting neurological deficit are not well established. The authors used brain-stem auditory evoked potential (BAEP) monitoring during 21 posterior fossa microvascular decompression procedures to assess the value of this technique in predicting postoperative deficit. The surgeon was notified only if there was complete disappearance of wave V. Although no patients had postoperative deafness, BAEP latencies changed significantly in all cases. In four patients, wave V totally disappeared during cerebellar retraction. The BAEP appears to be a very sensitive monitor of auditory function, such that "false positive" results will be frequent if latency criteria alone are used to trigger alterations in surgical technique.
B
RAIN-STEM auditory evoked potentials (BAEP's) were initially described in 1967, 2~ and since that time have principally been employed as a diagnostic tool in clinical neurologyP Recent advances in computer technology have made monitoring of BAEP's during posterior fossa surgery technically feasible. 3 '6 With BAEP monitoring, information concerning the status of the auditory pathway is provided to the surgeon during the operative procedure, so that maneuvers that could potentially damage the eighth nerve and brain stem can be identified and possibly reversed.l~
The normal BAEP has seven peaks (see Fig. 1 left), the neural generators of which have been tentatively identified in animal and human studiesP '6 Wave I is the scalp (far-field) manifestation of the eighth nerve action potential generated by the spiral ganglion following an auditory stimulus. The cochlear nucleus has long been considered the source of wave II; however, recent intraoperative recordings have raised the possibility that this wave is generated in the cochlear nerve near the brain stemJ 6 The superior olivary complex within the caudal pontine tegmentum is believed to be the source of wave III. The generators of waves IV and V are the lateral lemniscus and the inferior coUiculus, respectively. Waves VI and VII are quite variable in appearance and, therefore, are not often applied clinically.
Generally accepted sources of these peaks are the medial geniculate nucleus and the thalamocortical radiations. It should be noted that recent animal studies L2 suggest that the sources of almost every component of the BAEP may be considerably more complex than has been indicated. These seven biological peaks normally occur within 10 msec of an auditory stimulus. Unlike visual and somatosensory evoked potentials, the BAEP waveforms are minimally affected by anesthesia, facilitating reliable intraoperative monitoring.
Maneuvers that may alter the BAEP during posterior fossa surgery include manipulation of the eighth nerve and excessive retraction of the cerebellum, but both of these can be corrected if the surgeon is alerted. In three studies, intraoperative wave V latency prolongations of greater than 0.5 msec, 14 1 msec, TM and 1.5 msec 7 were considered abnormal and served as criteria for notification of the surgeon. Corrective measures were undertaken, such as modification of dissection or loosening of the cerebellar retractor, in an attempt to improve the evoked potentials and avoid possible hearing loss. In all reports, the frequency of these warnings has exceeded the expected frequency of auditory problems after such operations. In order to further elucidate changes that typically accompany posterior fossa microvascular decompression procedures, the intraoperative BAEP's of 21 patients undergoing such a procedure were reviewed. These alterations were then correlated with postoperative auditory function to aid in establishing proper criteria for interrupting surgery because of evoked potential changes.
Clinical Material and Methods
Twenty-one patients were admitted to the University of Florida Neurosurgical Service between June, 1983, and March, 1984, for posterior fossa microvascular decompression of the trigeminal nerve (19 cases) or the facial nerve (two cases). The patient population consisted of nine men and 12 women with an average age of 56 years (range 39 to 70 years).
The BAEP's were recorded using the parameters outlined in Table 1 . Recording electrodes were placed at Cz, Ai, and Ac. The Cz-Ai montage (vertex to ipsilateral earlobe) was utilized for preoperative and intraoperative studies. An alternating-polarity click stimulus of 100-usec duration was delivered at a rate of 11 Hz.* The click was typically 70 dB above "sensation level" for the ear wearing the earplug, and a contralateral white masking noise of 50 dB above sensation level was employed. An 11-msec epoch was analyzed after each click.
* Grass Click-Tone Control Module, Model S 10, manufactured by Grass Instrument Co., 101 Old Colony Avenue, Quincy, Massachusetts. Preoperative BAEP's were recorded in all patients and were within normal limits for this laboratory (Table  2) . Abnormal latencies are strictly defined as an increase greater than 3 standard deviations over normal mean values. The preoperative studies were performed with earphones, and intraoperative BAEP's were obtained with individually fitted ear canal transducerst sealed in place with bone wax. Recording electrodes were applied the evening prior to surgery and were secured with collodion. Electrode gel was then reapplied when the patient reached the operating room. Impedances of less than 2000 ohms were obtained in each electrode. In every case there was no delay in the operative procedure, and both the stimulating and recording electrodes were well outside the operative field.
Primary sources of artifact encountered when recording intraoperative BAEP's include radiofrequency noise generated during monopolar and bipolar coagulation, 60-Hz noise caused by electrical equipment in the operating room, and low-frequency noise generated by surgery itself. Automatic artifact rejection based upon amplitude criteria was carried out by a device developed in this laboratory, m This device interrupts signal-averaging during time periods in which input exceeds a preset amplitude. In addition, selecting an averaging frequency that is not a harmonic of 60 Hz will minimize this noise source.
Anesthetic induction in all 21 patients was accomplished with Pentothal (thiopental) (5 mg/kg), succinylcholine (2 mg/kg), and curare (4 rag). Isoflurane and nitrous oxide-oxygen combinations were administerd for maintenance of anesthesia throughout surgery. All operations were performed by one surgeon (A.L.R.), with the patient in the lateral recumbent position. Through a curvilinear retromastoid incision, a small (4-to 5-cm) craniectomy was accomplished. Mannitol was administered prior to bone removal. Minimal cerebellar retraction was performed as needed to expose the cerebellopontine angle. In all procedures performed for trigeminal neuralgia, the petrosal vein was coagulated with bipolar electrodes and divided. Microvascular decompression was carried out with the operating microscope. The offending vessels were gently dissected from the involved nerve, which was then padded with a Silastic foam prosthesis.
Technically adequate BAEP's were obtained in all 21 patients. All evoked potentials were interpreted by one person (W.A.F.). No attempt was made to alter the course of surgery for simple prolongation of absolute and interpeak latencies. Complete disappearance of wave V was the sole criterion used for notifying the surgeon of a change in the evoked potential. Preoperative and postoperative auditory acuity was tested clinically by a member of the neurosurgical staff. Formal audiology was not performed. All patients were also contacted by telephone between 2 and 6 months postoperatively and were carefully questioned concerning their hearing. Postoperative evoked potential recordings were performed in two patients in whom wave V was grossly altered during surgery.
Results
The absolute latencies of waves I, III, and V were noted at the following times: anesthetic induction, skin incision, bone removal, dural opening, retractor placement, sponge placement, retractor removal, and wound closure. One patient experienced gross latency changes immediately following positioning; these values were not included in the statistical analysis of this series. The remaining mean absolute latencies, mean interpeak latencies, and standard deviations for these surgical events are given in Table 3 . Paired t-tests were used to identify any statistically significant changes in these values at successive points in the surgical procedure.
A significant change in wave III absolute latency occurred at the initiation of cerebellar retraction (p < 0.0002, Table 3 ). Wave V absolute latencies were less resistant to change, with significant alterations being noted at the time of dural opening (p < 0.0007). These absolute latency changes in part reflect operative manipulation; however, environmental changes during surgery, such as hypothermia, drainage of cerebrospinal fluid, use of irrigating solutions, variation in stimulus intensity, and deepening of anesthesia, may also be contributory. Interpeak latencies are theoretically less affected by these variables and may, therefore, be more sensitive indicators of alterations secondary to surgical manipulation itself. A statistically significant change in both wave I-III (p < 0.0001) and wave I-V (p < 0.0001) interpeak latencies occurred at the time of sponge placement. A statistical analysis of the changes in evoked potential latencies recorded in the 21 cases in this study is presented in Table 3 .
Typical changes in wave V latency throughout surgery are illustrated in Figs. l right and 2. The absolute latency of wave V increased precipitously after cerebellar retraction was initiated. Each patient in this study had a change in the wave V absolute latency of at least 1.0 msec, and 11 of 20 patients had shifts greater than 1.5 msec. Peak shifts were noted at the time of sponge placement. Release of the retractor resulted in a rapid decrease in wave V absolute latency, and this trend continued through the time of closure.
Wave V completely disappeared in four patients at some time after the cerebellar retractor was placed. The surgeon was notified and the retractor was readjusted, with a return of wave V in three of the four cases. The single patient in whom wave V did not return awoke with clinically normal hearing. Postoperative BAEP recordings on Day 2 revealed reappearance of wave V at an absolute latency identical to that of the preoperative study; however, the BAEP configuration was altered (Fig. 3) . Gross prolongation of BAEP latencies occurred in one case immediately after the patient was placed in the lateral decubitus position. Wave V disappeared completely during sponge placement but returned, at prolonged latencies, following removal of the cerebellar retractor. Postoperative BAEP's were normal, and the patient had no clinical hearing deficit. The remaining two patients had transient disappearance of wave V during sponge placement, with waveform restoration prior to dural closure. Although the absence of formal audiometry may have led us to overlook some mild auditory disturbances, there were no cases of postoperative deafness in this series. On telephone interview, three patients noted a mild decrease in hearing which resolved during the 1st postoperative month. However, even in the cases where wave V disappeared, there were no clinically discernible permanent hearing deficits.
Discussion
The incidence of complete ipsilateral hearing loss following microvascular decompression for trigeminal neuralgia has been reported to be between 1% and 4%. 4"12'13"21 Partial hearing loss may be present in up to 20% of patients. 2~ In order to minimize the incidence of this complication, intraoperative monitoring of BAEP's has been performed in several series of patients, s'5'7 Complete and irreversible loss of the BAEP during surgery has been correlated with postoperative deafness? TM There are also numerous reports of transient loss of BAEP's in patients without postoperative neurological deficit. In these latter cases the surgeon has frequently been notified of the evoked potential alteration, and adjustments were then made to "prevent further injury" to the auditory apparatus. 8"9'8 Postoperative deafness in a patient with normal intraoperative BAEP's has never been reported.
Useful criteria for notifying the surgeon of an alteration in the BAEP during a procedure are not well established. Raudzens and Shetter '8 monitored BAEP's in 46 posterior fossa operations, only eight of which were for trigeminal neuralgia. A delay of wave III or V absolute latency of greater than 1.0 msec was considered abnormal, and the surgeon altered his dissection or relaxed the degree of cerebellar retraction based upon this change. There were no severe hearing deficits accompanying only latency changes, but abrupt loss of all peaks beyond wave I was associated with profound postoperative hearing loss. Grundy, et al., 7 monitored BAEP's in 54 cerebellopontine angle procedures, including 42 cases of microvascular decompression. An increase of wave V absolute latency greater than 1.5 msec was considered abnormal, and the surgeon was notified so that adjustments could be made. Eighth nerve dissection, cerebellar retraction, patient positioning, and hypotension were all correlated with BAEP changes in their series. In 22 patients, BAEP deterioration was precipitated by retraction of the cerebellum or brain stem, with eventual disappearance of all waveforms in six of these cases. In addition, "the BAEP's elicited by stimulation of the ear ipsilateral to the projected site of operation were altered to the point of virtual obliteration on positioning of patients for retromastoid craniectomy in six cases." Except for two patients with deliberate sacrifice of the eighth nerve, these waveforms returned to normal with repositioning of the patient at the end of the procedure.
The results of our study reveal that prolongations of wave I, III, and V absolute latencies, as well as of wave I-III and wave I-V interpeak latencies, predictably accompany retraction of the cerebellum for exposure of the cerebellopontine angle. A significant change in absolute latency and interpeak latencies then persists through the closure stage. Simple prolongation of these latencies does not appear to correlate well with a postoperative hearing deficit detectable by the patient or clinician. Notification of the surgeon regarding these prolongations, with subsequent alteration of the operative procedure, may not be warranted.
Using the criteria of Grundy, et al., 7 the surgeon would have been warned in 11 (52%) of our 21 cases. This compares remarkably well with warnings of latency prolongation delivered in 20 (48%) of the 42 microvascular decompression procedures conducted by Grundy, et al. 7 Using the criteria of Raudzens and Shetter, '8 the surgeon would have been warned in all of our cases. Even with complete obliteration of wave V, hearing may remain normal. In four (19%) of our 21 patients, wave V was lost for varying periods of time. This greatly exceeds the expected incidence of postoperative hearing loss. It is, therefore, unclear whether, even in these extreme instances, the surgeon's efforts to reduce cerebellar retraction made a difference in the outcome. Clearly, the BAEP is an exquisitely sensitive monitor of auditory function, such that "false positive" results will be frequent if latency criteria alone are used to trigger surgical changes. In order to minimize this problem, we currently advocate alterations in technique only if gross changes of BAEP waveforms occur.
